PLD3 is a neuronal lysosomal phospholipase D associated with β-amyloid plaques and cognitive function in Alzheimer's disease ABSTRACT Phospholipase D3 (PLD3) is a protein of unclear function that structurally resembles other members of the phospholipase D superfamily. A coding variant in this gene confers increased risk for the development of Alzheimer's disease (AD), although the magnitude of this effect has been controversial. Because of the potential significance of this obscure protein, we undertook a study to determine whether PLD3 is relevant to memory and cognition in sporadic AD, to observe its distribution in normal human brain and AD-affected brain, to describe its subcellular localization, and to evaluate its molecular function. PLD3 mRNA levels in the human pre-frontal cortex inversely correlated with β-amyloid pathology severity and rate of cognitive decline in 531 participants enrolled in the Religious Orders Study and Rush Memory and Aging Project. PLD3 levels across genetically diverse BXD mouse strains and strains crossed with 5xFAD mice correlated strongly with learning and memory performance in a fear conditioning task. In human neuropathological samples, PLD3 was primarily found within neurons and colocalized with lysosome markers (LAMP2, progranulin, and cathepsins D and B). This colocalization was also present in AD brain with prominent enrichment on lysosomal accumulations within dystrophic neurites surrounding β-amyloid plaques. This pattern of protein distribution was conserved in mouse brain in wild type and the 5xFAD mouse model of cerebral β-amyloidosis. We discovered PLD3 has phospholipase D activity in lysosomes. A coding variant in PLD3 reported to confer AD risk significantly reduced enzymatic activity compared to wild-type PLD3. In summary, this study identified a new functional mammalian phospholipase D isoform which is lysosomal and closely associated with both βamyloid pathology and cognition.
Introduction
Alzheimer's disease (AD) is the most common form of dementia and an increasing societal and economic burden. Multiple gene variants were recently discovered in the Phospholipase D3 (PLD3) gene which conferred increased risk for late onset AD 1 . Phospholipase D enzymes (PLDs) form a superfamily that are present in viruses, bacteria, and plants all the way up to mammalian cells. PLDs play an important role in the conversion primarily of phosphatidylcholine to phosphatidic acid and choline, which has implications for membrane dynamics and cell signaling, among other important cellular processes 2 . The phosphodiesterase domains of PLDs contain two highly conserved catalytic regions, HxKxxxxD motifs (hereafter HKD motif).
There are a few non-canonical functions of PLDs which include nuclease activity and cardiolipase activity, both of which are mediated by substrate binding at the HKD motif 3, 4 . Phospholipase D1 and D2 (PLD1 and PLD2), are confirmed to be enzymatically active mammalian PLD isoforms and are druggable proteins 2, 5 . PLD3 was identified as a PLD based upon homology as it contains two HKD motifs, but has been informally reported to lack PLD activity 6 . The PLD3 gene variants associated with increased late onset AD risk were initially linked to β-amyloid precursor protein (APP) processing 1 but this could only be replicated in overexpression conditions 7 .
Moreover, a number of subsequent reports failed to replicate the association of the highest LOAD risk PLD3-V232M coding variant, although this may have been due in part to the rarity of the coding variant [8] [9] [10] [11] . In a later meta-analysis, the PLD3-V232M contributed to AD risk but had a smaller effect than initially reported, comparable in magnitude to the apolipoprotein E-ε4 allele 12 . The V232M variant is associated with decreased PLD3 expression and is adjacent to an HKD motif, suggesting PLD3 hypofunction may drive or modulate AD pathology. Because the molecular function of this protein in the brain is unclear, it is not known whether this variant affects protein function. Additionally, because the variant is rare (~1% of affected patients) 1 , the relevance of PLD3 to AD processes at a population level is yet unknown.
In all, there has been little resolution to the controversy whether PLD3 is a legitimate AD-risk gene, in part due to the limitations of studying rare coding gene variants. In this study, we aim to address the impact of PLD3 upon AD-related biological and cognitive pathologies leveraging generalizable population level datasets as well as determining the molecular function of PLD3.
Variance in human PLD3 mRNA levels correlated with β-amyloid deposition and cognition in aged and

AD participants
We evaluated whether stratifications in human PLD3 gene expression in the brain correlate with AD risk. The Religious Orders Study (ROS) and Rush Memory and Aging Project (MAP) enrolled older adults without dementia who agreed to annual clinical evaluations and brain donation [13] [14] [15] . A total of 531 ROS/MAP participants had mRNA expression levels measured from frozen sections of dorsolateral prefrontal cortex, as previously described 16 , along with autopsy measures of neuropathology and premorbid longitudinal neuropsychological test performance. Participants were well educated, predominantly female, predominantly non-Hispanic white, and on average 89 (±7) years of age at death (Supplemental Table 1 ). Detailed description of neuropsychological measures, RNA extraction and processing, neuropathological evaluation, and statistical analyses are presented in Online Methods.
In linear regression models covarying for age at death, sex, and postmortem interval, higher prefrontal cortex expression of PLD3 was associated with lower β-amyloid plaque burden measured via immunolabeling, explaining 3% of the variance beyond covariates (Figure 1 ; PLD3: β=-0.004, p=1.7x10 -6 ). β-amyloid plaque burden remained significantly associated when covarying for clinical diagnosis (p=1.6x10 -5 ). Similarly, higher prefrontal cortex expression of PLD3 was associated with neurofibrillary tangle burden quantified by silver stain (β=-0.0006: p=0.03) and IHC (β=-0.002, p = 0.03), however in both tangle models, inclusion of in vivo clinical diagnosis attenuated PLD3 associations (p>0.07). When covarying for age at death, sex, and post mortem interval, lower levels of PLD3 were observed among AD cases compared to cognitively normal participants (β=-11.9, p=0.03). PLD3 levels were not associated with cerebral atherosclerosis (Supplementary Figure 1) .
In cognitive analyses, high prefrontal cortex expression of PLD3 was associated with a slower rate of global cognitive decline when adjusting for age at death, sex, postmortem interval, and the interval between the final neuropsychological assessment and death (β=0.0002, p=0.02). Additional cognitive results are presented in Supplementary Figure 2 .
It is also notable that we observed a subtle sex difference in PLD3 associations. Prefrontal cortex levels of PLD3 interacted with sex on β-amyloid plaque density measured with IHC (β=0.004, p=0.02) and on crosssectional global cognitive performance at the final visit before death (β=-0.004, p=0.03). In both cases, PLD3 associations were stronger in female than male participants (Supplemental Figure 3) .
In replication samples from Mayo Clinic and Mt. Sinai accessed through the Accelerating Medicines
Partnership AD project (AMP-AD) ( Supplemental Table 1 ), we observed lower levels of PLD3 expression among AD cases compared to controls in the parahippocampal gyrus (p=0.0001), the cerebellum (p=0.003), and the temporal cortex (p=0.03) (Supplemental Figure 4 ).
PLD3 mRNA levels are lower in AD-BXD mice and correlated with learning and memory performance
The BXD mouse model was created by crossing a wild-type mouse with C57BL/6J background with a DBA/2J mouse to produce a family of inbred sub-strains that capture a range of genetic diversity. AD-BXD mice were produced by crossing the resulting BXD strains with 5xFAD hemizygotes, an animal model containing five pro-β-amyloidosis mutations 17 (Figure 1C ). PLD3 mRNA levels were significantly lower in AD-BXD mice than their wild type BXD counterparts ( Figure 1D ). Mice were subjected to a modified contextual fear memory test (as previously described 17 ) due to its well-validated sensitivity to discern learning and memory impairments in multiple AD mouse models 18, 19 . The first experimental day of measuring freezing behavior following repeated mild foot-shocks allows for the detection of learning acquisition rates, which Following behavioral experimentation at the respective time points, a WT and 5xFAD mouse from each strain was euthanized to analyze mRNA levels in hippocampus via RNA-Seq. We modeled strain-averaged behavioral performance against PLD3 mRNA transcript counts and found that PLD3 levels (adjusting for age and sex) predicted learning acquisition slope (β=0.06, p=2.8x10 -6 , explaining 6% of the variance) ( Figure 1F /H/J). When adjusting for age and sex, PLD3 levels were a significant predictor of fear memory recall (β=0.09, p=0.03)
When including genotype (β-amyloid state) and BXD background strain, PLD3 remained predictive of learning acquisition speed (β=0.04, p=0.003) but not when modeling fear memory recall (β=0.085, p=0.08). These findings are unsurprising as the main effect for the AD-BXD behavioral stratification was observed upon learning acquisition slope rather than memory recall, as memory recall is more strongly sensitive to β-amyloid burden 17, 20 . Collectively, these human and animal data suggest that PLD3 expression has a direct impact upon cognition in the aged brain.
PLD3 is a lysosomal protein and enriched around β-amyloid plaques
While most early reports suggested PLD3 was an endoplasmic reticulum-localized protein 21 , a few studies suggested it may, at least partially, localize to the lysosome. Most of these claims were based on studies of overexpression of the protein 22, 23 . Because of contradictory reports regarding the subcellular localization of PLD3, we sought to better resolve the subcellular localization of PLD3 with attention to endogenous context-relevant tissue. In human brain tissue, PLD3 staining in neuronal cell bodies colocalized highly with Cathepsin B (mean Pearson correlation coefficient 0.84±0.07 for neurological controls, 0.86±0.04 for AD) and other lysosomal (LAMP1 and Cathepsin D in Supplemental Figure 6 ). In AD, β-amyloid plaques are surrounded by enlarged axon segments, termed dystrophic neurites, which are filled with lysosome-like organelles 24 (Figure 2) . In dystrophic neurites around β-amyloid plaques, PLD3 was enriched and strongly localized with lysosomal membrane markers (Figure 2) , although the association with luminal markers Cathepsin B/D was attenuated (Figure 2) , consistent with a prior report that lysosomes in dystrophic neurites are deficient in luminal proteases 24 . These data confirm that even around β-amyloid plaques, PLD3 remains on lysosomes. Similarly, in brain tissue from wild-type and 5xFAD mice PLD3 was strongly colocalized with markers of lysosomes (Pearson coefficient: 0.72±0.22 for WT, 0.65±0.10 for 5xFAD). The AD mouse model 5xFAD recapitulates this phenotype (Figure 2) . Furthermore, in 5xFAD PLD3 did not colocalize with β-amyloid (Pearson correlation coefficient 0.13±0.10), but was enriched on lysosome-like organelles within dystrophic neurites surrounding β-amyloid plaques. Finally, to confirm that PLD3 is a lysosomal protein, lysosomes were isolated from non-transfected HeLa cells by magnetic fractionation after "pulse chase" loading of dextrancoated iron-oxide nanoparticles (Supplemental Figure 7) . PLD3 was highly enriched in the lysosomal fraction and accounted for the vast majority of the PLD3 in the cells (Figure 3B) , confirming that PLD3 is primarily a lysosomal protein.
PLD3 has phospholipase D activity in intact lysosomes
There was no phospholipase D activity above baseline in total lysate of PLD3 transfected mammalian cells ( Figure 3A) . However, when we isolated lysosomes from PLD3-transfected NSC34 cells (a murine neuroblastoma line) to assess PLD activity, we found that PLD3 containing lysosomes had significantly increased phospholipase D activity compared to non-transfected lysosomes (Figure 3D) . The specificity of the increase in PLD activity was evaluated by co-transfecting a validated siRNA against hPLD3 (validated in Supplemental Figure 8 ). Co-transfection with anti-PLD3 siRNA reduced the phospholipase D activity to that of untransfected lysosomes (Figure 3D) . The specificity of PLD3 activity via siRNA knockdown was replicated in a human cell line (Supplemental Figure 9) . To further confirm that the phospholipase D activity originated from the conserved HKD domain, we introduced a mutation in the second HKD domain, K418R, which completely ablated the enzymatic activity of PLD3 (Figure 3D) . A plasmid containing a K203R mutation in the first HKD domain did not efficiently express full length modified protein (data not shown). Finally, we found the human AD-associated V232M variant lacked PLD activity (Figure 3D) . These data suggest PLD3 is a functional phosopholipase D in lysosomes. Additionally, PLD3 transfection did not appear to upregulate PLD1 or PLD2 in the lysosome (Supplemental Figure 10) , which are known to be functional PLD enzymes. In a cellfree assay, affinity purified His-tagged full-length PLD3 isolated from mammalian cell lysates did not have detectable PLD activity under a range of conditions and via various detection methodologies (data not shown).
The presence of PLD3 activity in intact lysosomes and our inability to reproduce this activity in purified cell-free systems suggests a functional contribution of organelle-specific post-translational modifications, activating protein binding partners, or some other feature of the lysosomal microenvironment for phospholipase D activity of PLD3.
Discussion
Rare PLD3 coding gene variants conferring an increased risk of late onset AD were discovered in 2014 but have remained controversial in large part due to the unknown function of PLD3 and unclear molecular impact of the rare variants 1 . Here, we leveraged multimodal datasets that reflect the role of PLD3 at a population level in both a large, longitudinal human study and in a genetically diverse murine model to establish a functional connection between PLD3 expression and AD-related cognitive impairment. In humans, we found a protective association between increased PLD3 expression and β-amyloid plaque burden.
Increased PLD3 expression correlated with reduced rate of cognitive decline in the ROSMAP cohort and learning and memory in the AD-BXD mice (Figure 1) . These results advance our understanding of the functional connection between PLD3 expression and cognition to establish that PLD3 may be relevant to AD at a population level.
Endolysosomal dysfunction in AD has become an important research focus, in part because dystrophic neurites are a consistent pathological feature of AD made up of enlarged axon segments around β-amyloid plaques clogged with dysfunctional lysosomes 24, 25 . Here, we report PLD3 is highly concentrated in these abnormal neuronal lysosomes surrounding β-amyloid plaques (Figure 2) , corroborating earlier reports of PLD3 upregulation around β-amyloid plaques 26 and that PLD3 can be routed to the lysosome 22 . The close and consistent association of PLD3 with β-amyloid neuropathology further strengthens the relevance of PLD3 to AD.
Finally, we evaluated the molecular function of PLD3. Because PLD3 is lysosomal at endogenous expression levels, we hypothesize that its activity likely requires an acidic pH or some other feature(s) of the lysosomal microenvironment. Consistent with initial reports 6 , we did not detect a change in phospholipase D activity in total cell lysates after overexpressing PLD3, which is not surprising given lysosomes account for well under 5% of the total lysate and several other PLD isoforms are present in the lysate. However, when we isolated lysosomes from transfected mammalian cell lines, we discovered markedly enhanced PLD activity after transfecting PLD3, which was ablated when an anti-PLD3 siRNA was co-transfected or a mutation in the putative active site was introduced. Using this assay, we demonstrated that the AD-associated PLD3 variant, V232M, lacked PLD activity. This discovery strengthens the case that PLD3-V232M is a bonafide AD risk gene. Moreover, these results give us confidence that PLD3 is a mammalian PLD isoform.
An alternative molecular function of PLD3 has been proposed. A recent report argued that both PLD3 and PLD4 have 5' exonuclease activity and implicated this activity in the function of antigen presenting cells in the context of autoimmune diseases 3 . PLD4 variants have been linked to autoimmune disease, particularly rheumatoid arthritis [27] [28] [29] , but there is no such association with PLD3. Moreover, we found PLD3 was nearly exclusively expressed in neurons in the brain and was essentially absent from microglia. PLD3 knock-out mice have been reported to have increased lysosomal size in neurons 7 , and an alteration in neuronal lysosomal membrane dynamics (fission or fusion) is more consistent with PLD activity than with exonuclease activity. Our inability to reproduce the PLD activity of PLD3 in a purified cell-free system is a limitation but not unexpected.
Both PLD1 and PLD2 require various activating factors for in vitro activity 30 , it is therefore highly likely that PLD3 requires similar factors which are currently unknown but are presumably present in the lysosomal microenvironment. It may ultimately be necessary to decipher the structure of PLD3 in greater detail than currently available to confirm the primary molecular function. Importantly, however, whether PLD3 is a PLD or 5' exonuclease, the HKD domains appear to be enzymatically active which raises the probability that an inactivating mutation in PLD3 is truly pathogenic.
The enrichment of PLD3 in dystrophic neuronal lysosomes surrounding β-amyloid plaques in AD is, at first glance, incongruent with our human and mouse population level data indicating higher levels of PLD3 are proadaptive with respect to β-amyloid plaque burden and cognition. While it is possible that PLD3 enrichment in dystrophic neurites represents a compensatory cellular response to plaque formation, we hypothesize that PLD3 is functionally inactive in these sites. Lysosomes in dystrophic neurites appear to be functioning suboptimally based on our observation that they are lacking in lysosomal proteases 24 indicated by a deficiency in luminal protease markers Cathepsin B/D (Figure 2) . Given this functional defect, it is reasonable to hypothesize that they might also fail to acidify, and if PLD3 required acidic pH to be active, it could be functionally inactive in dystrophic neurites. This highlights the need for further detailed studies to define the physiology of lysosomes within dystrophic neurites. It may be possible to interrogate dystrophic neurites ex vivo via organotypic tissue culture 31 using tissue from the 5xFAD mouse or other AD mouse models. Together, these data warrant further investigation towards the potential protective effect of enhancing PLD3 activity to disrupt AD pathogenesis. activity measured by the Amplex Red PLD assay with negative (control lysosomes) and positive (Cabbage PLD) controls in each assay run. Data analyzed via One-Way ANOVA. ****p<0.0001 following Bonferroni posthoc tests. Lysosomes expressing PLD3 display significant increase in PLD activity compared to control lysosomes, which is near the magnitude of PLD activity seen with purified cabbage PLD but significantly different (p<0.001). Upon cotransfection of siRNA against PLD3 alongside PLD3 transfection, these lysosomes display no apparent PLD activity. PLD3-K418R transfected lysosomes, which has a mutated putative lysine in its HKD domain, displays significantly reduced PLD activity compared to PLD3 transfected lysosomes.
Figure Legends
Furthermore, human AD-risk associated variant PLD3-V232M displays no significant PLD activity, and displays a significant reduction in PLD activity compared to PLD3. 
